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Evolution of spin freezing transition and structural, magnetic phase diagram of
Dy2−xLaxZr2O7; x = 0 - 2.0
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School of Basic Sciences, Indian Institute of Technology Mandi, Mandi-175075 (H.P.), India
Dy2Zr2O7 a disordered pyrochlore system, exhibits the spin ice freezing under the application of
magnetic field. Our studies suggest the stabilization of pyrochlore phase in Dy2−xLaxZr2O7 with the
substitution of nonmagnetic La, along with the biphasic mixture for the intermediate compositions.
We observed that the higher La compositions (1.5 ≤ x ≤ 1.9), show spin freezing (T ∼ 17 K)
similar to the field induced spin ice freezing for low La compositions (0 ≤ x ≤ 0.5), and the well
known spin ice systems Dy2Ti2O7 and Ho2Ti2O7. The low temperature magnetic state for higher
La compositions (1.5 ≤ x ≤ 1.9) culminates into spin glass state below 6 K. The Cole-Cole plot and
Casimir-du Pre´ fit shows narrow distribution of spin relaxation time in these compounds.
The geometrical frustration is one of the key aspects
of the cubic pyrochlore oxide A2B2O7 owing to the dis-
torted spin geometry and negligible structural disorder
[1, 2]. The A and B sites of the pyrochlore form a network
of corner sharing tetrahedra which is a quintessential
framework for a geometrically frustrated magnet. These
materials display a variety of exotic phases like spin ice
(Dy2Ti2O7 and Ho2Ti2O7), spin liquid (Tb2Ti2O7), spin
glass (Y2Mo2O7), order by disorder (Er2Ti2O7), Kondo
effect (Pr2Ir2O7), unconventional anomalous Hall effect
(Nd2Mo2O7) and superconductivity (Cd2Re2O7) [3–10].
The magnetic spin ice systems have offered an interest-
ing physics with the signature of magnetic monopole like
excitation states [11–13]. Although the Dy2Ti2O7 and
Ho2Ti2O7 systems are extensively studied for spin ice
properties, a complete understanding of the phenomenon
is still elusive [14, 15]. Among these systems, Dy2Zr2O7
(DZO) has generated a quite interest, as it shows the
emergence of the magnetic field induced spin freezing
near 10 K and possess the magnetic entropy of R ln2
- (1/2)R ln(3/2) which is same as the spin ice Dy2Ti2O7
[16]. The DZO crystallizes in weak pyrochlore phase and
does not exhibit any magnetic ordering down to 40 mK
[17]. Further partial substitution of Dy by La (up to 15
%) stabilizes pyrochlore phase and spin ice behavior is
observed at lower magnetic field in comparison to DZO
[16].
The stability of pyrochlore structure and the magnetic
rare earth atom (Dy, Ho etc.) play very important role
in determining the low temperature magnetic spin ice
ground state of these systems. In this light we have
studied the structural and magnetic phase diagram of
Dy2−xLaxZr2O7 system. We observed the evolution of
structure from disordered pyrochlore/fluorite (0 ≤ x ≤
0.5) to stable pyrochlore phase (1.5 ≤ x ≤ 2.0) through
the biphasic mixture of these phases for 0.5 < x < 1.5.
The compounds with weak pyrochlore structure do not
show evidence of the magnetic freezing in the absence of
magnetic field, whereas the stable pyrochlore compounds
exhibit Dy2Ti2O7 like spin freezing at Tf ≈ 17.5 K. The
low temperature phase of 1.5 ≤ x ≤ 1.9 compositions
show spin glass state below 6 K.
DZO exhibits disordered fluorite structure (space
group: Fd3¯m) with the remnants of pyrochlore phase
[16–20]. The xrd patterns of Dy2−xLaxZr2O7 reveal that
the compositions corresponding to 0 ≤ x ≤ 0.5, adopt
disordered fluorite structure. For 0.5 < x < 1.5, few
super-structure peaks corresponding to pyrochlore struc-
ture start appearing at 2θ = 14o (111), 27o (311), 37o
(331), 45o (511), etc; and the main peaks belonging to py-
rochlore structure get splitted. The xrd data in this range
(see supplementary figure S3) nicely fit with the biphasic
mixture of disordered fluorite/pyrochlore and clean py-
rochlore lattice structure. The Rietveld refinement for
1.5 ≤ x ≤ 2 confirms the clean face-centered-cubic py-
rochlore structure with the additional reflections of (111),
(311), (331), (511) planes [21, 22]. This is also antici-
pated from the closer value of ionic radius ratio (rA/rB
ratio) and position of oxygen atom x(O) in the pyrochlore
structure (figure 1a) [23, 24]. As discussed in Ref[16], for
x ≤ 0.3, the rA/rB ratio is less than the expected range
of the pyrochlores and the parameter x(O) is close to ∼
0.362 which indicates the formation of disordered fluo-
rite/pyrochlore structure. Here, with x ≥ 1.5, the rA/rB
(where rA = 1.027/1.16 A˚ for Dy
3+/La3+ and rB = 0.72
A˚ for Zr4+) found to be in the pyrochlore regime (see
supplementary table SI). The x(O) evolves continuously
towards pyrochlore regime with La substitution (figure
1b), and supports the stabilization of pyrochlore struc-
ture for higher La concentrations. A systematic shift of
peak position towards lower angle on La incorporation
indicates the increase of unit cell parameter (figure 1a).
Raman spectra of a pyrochlore structure consists six
Raman active modes; A1g, Eg, and four T2gmodes; corre-
sponding to the vibrations of <A-O> and <B-O> bonds
[25, 26]. The DZO shows no Raman mode (figure 2) at
466 cm−1 corresponding to the fluorite structure, but ex-
hibits the signature of Raman mode for the pyrochlore
structure [16, 27]. The pyrochlore Raman modes be-
come more intense upon La substitution. The Raman
spectra of the biphasic compositions (0.5 < x < 1.5)
also do not exhibit any extra mode other than of py-
rochlore structure, and thus indicate the absence of any
impurity phase in the compounds. The Raman spectra
of Dy2−xLaxZr2O7 for the compositions x ≥ 1.5 shows
sharper and well pronounced peaks (at 301 cm−1 (T2g),
2FIG. 1: (a) Variation in Radius ratio (rA/rB) (Left) and
lattice constant (right) as a function of La substitution for
Dy2−xLaxZr2O7; (0 ≤ x ≤ 2). Blue dotted line shows the
most probable junction between the two structural phases.
(b) Variation in the position of x(O) parameter of oxygen
atom as a function of La concentration
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FIG. 2: Room temperature Raman spectra of
Dy2−xLaxZr2O7; (0 ≤ x ≤ 2) showing the presence of
Raman modes corresponding to pyrochlore structure. Inset:
Raman spectra of Dy2Zr2O7.
395 cm−1 (Eg), 493 cm
−1 (A1g), 514 cm
−1 (T2g) and 651
cm−1 (T2g)) than for x ≤ 0.5. This is possibly due to
the increase in rA/rB ratio for the La substituted DZO.
Additionally, an extra mode at 701 cm−1 (marked by
M) is observed in all the substituted compounds which
was observed around 650 cm−1 in parent compound, was
attribute to the vibrations of the ZrO6 octahedra [20].
This mode has been assigned to the distortion of octahe-
dra and coordination from the ideal pyrochlore structure
[28].
We measured the magnetization of the compounds, at
low field (at 100 Oe) using the zero-field-cooled (ZFC)
and field-cooled (FC) protocols. In the previous study
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FIG. 3: Dc magnetic susceptibility χdc (ZFC and FC) versus
T at H = 5 kOe for Dy2−xLaxZr2O7 (0 ≤ x ≤ 2). Inset: Field
response of ∆M = MFC - MZFC of Dy0.1La1.9Zr2O7 at var-
ious temperature. Dc magnetic susceptibility χdc (ZFC and
FC) versus T at various dc applied field for Dy0.1La1.9Zr2O7.
[16], we have shown that the compounds having low
La composition in Dy2−xLaxZr2O7; x = 0.0, 0.15, 0.3
exhibit paramagnet like behavior down to 1.8 K. This
behavior sustains up to the La substitution of x ∼ 1.0,
but the dc magnetic susceptibility of x = 1.5 shows
bifurcation of ZFC and FC curves at Tirr ≈ 2.5 K
(figure 3a). The Tirr shifts towards higher temperature
for further increase in La (x = 1.5 - 1.9), and then
disappears with the complete replacement of Dy with
La (x = 2.0). We further measured dc magnetization at
various dc applied fields using the same measurement
protocol. The dc magnetization for x = 1.9 composition
presented in figure 3b shows the highest value of Tirr at
100 Oe. The bifurcation point Tirr is weakly dependent
on applied field, and shows slight increase for the field up
to 3 kOe. We have plotted the field response of ∆M =
MZFC - MFC of Dy0.1La1.9Zr2O7 at various temperature
in the inset of figure 3b, where it is clearly seen that
∆M increases for H ≤ 3 kOe, and then decreases to
zero for H ≈ 10 kOe. The splitting in the ZFC and FC
curves gives an indication for the spin-glass transition.
In conventional spin glass systems, the bifurcation point
decreases monotonically on increasing field and the
glass state quenched on applying the sufficiently strong
field [29]. Furthermore, the shifting of Tirr towards
low temperature for H ≥ 5 kOe and reduction in the
absolute value of χdc under the application of high
magnetic field indicates the frozen spin glass state below
Tirr. Spin glass is a metastable state which arises due
to random site distribution and random exchange and
leads to a multidegenerate ground state [2, 29, 30]. In
case of pyrochlores, glassiness arises possibly due to the
mixed interactions, which undergoes glass/frozen state
3on cooling without any long range magnetic order.
The characteristic behavior of the high temperature
spin freezing at T ∼ 17.5 is evident (discussed later) as
well as the irreversibility in the dc magnetization for T
< Tf is associated with the development of spin corre-
lation. The irreversibility of the low temperature spin
state was further confirmed by examining the isother-
mal remnant magnetization (IRM) and thermoremnant
magnetization (TRM). It is notable that both the mag-
netization curves merge at a field ∼ 10 kOe where the
bifurcation between ZFC and FC magnetization also dis-
appears. The IRM and TRM curves shown in the inset
of figure 3a, are in consistence with expectations for a
glassy system [3]. The difference between the IRM and
TRM below 10 kOe points towards the retains ”memory”
of its aged value under the same final condition [31]. The
saturation of both above 10 kOe shows that sufficiently
high field can destroy this memory and is in consistence
with the equivalence of ZFC and FC data taken at the
same field. The Curie Weiss fitting of dc susceptibility
data (measured at H = 5 kOe) in the temperature range
30 - 300 K, show the dominance of antiferromagnetic in-
teractions in these systems. The obtained parameters are
listed in Supplementary table II.
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FIG. 4: (a) Isothermal Magnetization M(H) of
Dy2−xLaxZr2O7; x = 1.5, 1.6, 1.7, 1.8 and 1.9 at 1.8 K. Inset
shows the isothermal magnetization at 1.8 K for x = 0, 1. (b)
Field dependence of magnetization for Dy0.1La1.9Zr2O7 at T
= 1.8, 3, 5, 7 and 20 K.
Figure 4a shows the field response of magnetization
at 1.8 K. The magnetization isotherm for DZO (inset of
4a) exhibits rapid increase below 20 kOe and does not
saturate up to the maximum applied field of 70 kOe.
The maximum value of magnetization (∼ 4.8 µB/Dy)
at 70 kOe for DZO is close to the Ms = 5 µB/Dy for
Dy2Ti2O7 but half of the theoretically expected value
(∼ 10.64 µB/Dy), which indicates strong anisotropy in
the system [21, 32]. The substitution of La up to x ≤
0.3 exhibits similar behavior as that of DZO [16]. How-
ever, for higher concentration of La (x ≥ 1.5), magneti-
zation isotherms show a large hysteresis below 5 kOe and
get saturated at lower field in comparison to DZO. The
obtained values of saturation magnetization for all the
La substituted compounds corresponds to ≈ 5 µB/Dy,
which is same as for DZO. The irreversibility of magne-
tization seen in the dc magnetization M versus T curves
(figure 3) around ∼ 6 K is evident from the magnetic
isotherm curve. As shown in the figure 4b, the magnetic
hysteresis for Dy0.1La1.9Zr2O7 get suppressed for T > 6
K, similar to the dc magnetization where ZFC and FC
curves overlap at this temperature. Interestingly, no ap-
preciable hysteresis is found at H ∼ 10 kOe, at which the
bifurcation between the ZFC-FC and IRM-TRM curves
is lost. This is probably because of the breaking of the
ice-rule on applying the strong field [32]. The magnetic
moment of the system increases to the expected value
of magnetization (3.33 µB/Dy) for the partially ordered
two-in-two-out state at H = 5 kOe and closely reaches to
the fully saturated value ∼ 5 µB/Dy of three-in-one-out
spin ordered state at ∼ 10 kOe [32]. From these results,
we conclude that the La substituted compounds for x
≥ 1.5 exhibits spin ice state at 17.5 K and undergoes a
glassy phase below 7 K.
The ac susceptibility (χac) of Dy2−xLaxZr2O7 (0 ≤ x
≤ 2) are shown in the figure 5, were measured in or-
der to understand the effect of La substitution on the
spin dynamics of the system. The DZO and other x ≤
0.5 compositions exhibit paramagnet like behavior in real
(χ′) and imaginary χ′′ parts of χac, measured at zero dc
field (inset of figure 5a) [16]. Figure 5a and 5b show the
temperature variation of χ′ and χ′′ for frequency f =
10-1000 Hz at zero dc applied field for DyLaZr2O7 (i.e.
x = 1.0). As seen, χac remains almost featureless up to
this concentration, except the development of weak fea-
ture near 15 K. This feature (spin freezing transition)
develops into full peak shape anomaly for 1.5 ≤ x ≤ 1.9
(figure 5c). It is worth nothing that the shape of our ac
curves are very similar to the measurement in Dy2Ti2O7
[22]. The χ′ and χ′′ curves show a monotonous rise for all
the excitation frequencies with decrease in temperature
(see supplementary figure S4). Though the frequency
dependence of spin freezing transition points to the spin
glass like behavior, the obtained valued of Mydosh pa-
rameter; p = ∆Tf/Tf∆(lnf ) ∼ 0.80 - 0.49 are much
larger than the typical spin glass value of p ∼ 0.005 -
0.01 [29], and thus rules out the possibility of spin clus-
ter/glass state. Therefore, an alternate explanation is
required to understand the spin relaxation in these clean
systems. Further the frequency dependence of χ′ follows
the Arrhenius Law, given by f = f oexp(-Ea/kBT), where
Ea is the average activation energy of the energy barrier
(shown in supplementary figure S6). The obtained values
of the relaxation time (τ) and activation energy Ea are
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FIG. 5: (a, b, c) The real χ′(T) and imaginary χ′′(T) parts of
ac susceptibility for Dy2−xLaxZr2O7 (0 ≤ x ≤ 1.9) measured
at Hdc = 0 Oe for frequencies ranges between f = 13 - 991
Hz. (d) Variation of Ea and relaxation time τ for 1 ≤ x ≤
1.9. Inset shows the variation in Cole-Cole parameter α. (e)
Casimir-du Pre´ relation fit for ac susceptibility (f) Relaxation
time τ = 1/2pif vs T determined from the frequency of χ′′ for
1.5 ≤ x ≤ 1.9. The relaxation time matches well around the
transition temperature in both the cases.
∼ 10−5 sec and ∼ 150 (±20) K respectively. Variations
of Ea and τ with La compositions are shown in the figure
5d. The slow relaxation of spin thus can be explained on
the basis of increase in energy barrier in the substituted
compounds compared to DZO which has a low value of
Ea ∼ 10 K [17]. The presence of single spin relaxation
is evident from the Cole-Cole plot (see supplementary
figure S6) and Casimir-du Pre´ relation fit also (inset of
5c) [21]. The data points on χ′′(χ′) curves correspond-
ing to different frequencies fall on the semi-circular arc of
varying diameters for all compositions. Inset of figure 6a
shows the variation in α for different composition. The
shape of arc remains unchanged upon La substitution
and indicates that the distribution of relaxation times is
unaffected and follows the single spin relaxation process
for Dy2−xLaxZr2O7.
In order to examine the spin relaxation process in de-
tail, χac data were taken over the frequency range 1 <
f < 1 kHz. The χ′′(f ) shows a well-defined peak at the
same temperature as in χac vs T measurements implying
the single characteristic relaxation time τ (see supple-
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FIG. 6: Magnetic phase diagram of Dy2−xLaxZr2O7; x = 0 -
2 showing the evolution of spin freezing transition on La sub-
stitution. Data points marked by star are taken from Ref[16].
mentary figure S5). The change in the peak position with
temperature reflects the evolution of τ . Unlike Dy2Ti2O7
the τ obtained from χ′′(f) plot follows the Arrhenius be-
havior [3]. The activated relaxation is responsible for the
high temperature spin freezing observed at T ∼ 17.5 K.
It is to note that τ(T ) increasing at a faster rate than
Dy2Ti2O7 and at the lowest measuring temperature, the
spins relax with a large relaxation time (10−1 s) where
in Dy2Ti2O7 it is around (10
−3 s) [3]. Note that no re-
laxation time could be determined below 10 K and above
1.8 K due to the absence of χ′′ maxima. The obtained τ
and a good fit of the data with Casimir-du Pre´ relation
allow us to understand the development of spin freezing
transition observed in ac susceptibility at Tf for only x
≥ 1.5. For x = 1, no relaxation peak observed in χ′′(f )
plot, however, a very weak signal of freezing transition
is detected in χ′′(T) plot. The magnetic phase diagram
of Dy2−xLaxZr2O7; x = 0 - 2.0 has been drawn in figure
6. The increase in La concentration clearly shows the
stabilization of Dy2Ti2O7 like high temperature freezing
transition around 16 K for all the compositions along
with the low temperature glassy phase for x ≥ 1.5.
In conclusion we have shown that the position of the
oxygen atom plays a significant role in determining the
crystal structure, and pyrochlore phase get stabilized to-
wards the La end in the Dy2−xLaxZr2O7 series. The low
temperature magnetic ground state of the system evolves
from field induced spin ice state for La compositions of
0 ≤ x ≤ 0.3 to the Dy2Ti2O7 like spin freezing near T
∼ 16 K for La compositions of 1.5 ≤ x ≤ 1.9. The spin
dynamics of the system around this transition suggests
slower spin relaxation in comparison to Dy2Ti2O7. This
spin freezing is followed by a spin glass like state below
T ∼ 6 K.
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I. SUPPLEMENTARY INFORMATION
A. Experimental Details
The polycrystalline compounds of Dy2−xLaxZr2O7 (x:
0.5, 0.6, 0.8, 1.0, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0) were prepared
by the standard solid-state reaction method [16]. The
constituent oxides: Dy2O3 (Sigma Aldrich, ≥99.99% pu-
rity), La2O3 (Sigma Aldrich, ≥99.999% purity) and ZrO2
(Sigma Aldrich, 99% purity) were reacted in the alumina
crucible at 1350oC in ambient atmosphere for 50 hours.
The reaction at this temperature was done thrice with the
intermediate grindings. The obtained compounds were
further pelletized and sintered at 1350oC for 50 hours.
The powder X-ray diffraction measurement on all the
compounds were performed using Rigaku x- ray diffrac-
tometer in the 2θ range of 10- 90o with the step size
of 0.02o. The Rietveld refinement of the x-ray diffrac-
tion (XRD) pattern was performed using Fullprof Suit
software. Raman spectra of the compound was obtained
at 300 K in back scattering geometry by using Horiba
HR-Evolution spectrometer with 532 nm excitation laser.
We study the magnetization as well as the real (χ′) and
imaginary parts (χ′′) of the ac susceptibility (χac). The
magnetic measurements were performed using Quantum
Design built Magnetic Property Measurement System
(MPMS) above 1.8 K.
B. Structural studies
Figure S1 and S2 show the x-ray diffraction pattern
of Dy2−xLaxZr2O7 (x = 0 - 2). The XRD patterns of
the compounds is fitted nicely in Fd3¯ space group and
show the single phase of these compounds. Structural
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Figure S1: Room temperature x-ray diffraction pattern of
Dy2−xLaxZr2O7 (x = 0, 0.5, 1.0, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0).
A clear shift in peak positions towards lower θ values
indicates the increase in lattice constant with increase in the
La concentration.
evolution from weak pyrochore phase (0 ≤ x ≤ 0.5) to
completely stabilised pyrochlore phase (1.5 ≤ x ≤ 2) is
clear from the x-ray studies. The observation of the su-
perstructure peaks for x ≥ 0.5 directs the structural ge-
ometry towards stable pyrochlore phase. The refined pa-
rameters for all the compositions are listed in Table 1.
In figure 3, we have shown the refined x-ray pattern of
a mix phase compound DyLaZr2O7, where xrd data is
nicely fitted with the parameters of disordered fluorite
and pyrochlore phase using same space group and three
different lattice parameters. Though the majority phase
(∼ 97%) is pyrochlore (a = 10.6669 A˚), there are two
other ∼ 2% and ∼ 1% weak pyrochlore phases with lat-
tice parameters a = 10.4496(3) A˚and a = 10.3737(3) A˚.
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Figure S2: The Rietveld refined x-ray diffraction pattern of
Dy2−xLaxZr2O7 (x = 0, 0.5, 1.5, 2.0) using Fd3¯m space
group. Peaks marked by star are the superstructure peaks
belonging to pyrochlore structure, and indicates the
pyrochlore type ordering in the compounds.
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Figure S3: The Rietveld refined x-ray diffraction pattern of
DyLaZr2O7. Inset shows the splitting of main peak and
refinement with disordered fluorite and pyrochlore phase
more clearly.
7C. Magnetic studies
Figure S4 shows the temperature dependence of real
and imaginary part of ac susceptibility measured at var-
ious frequencies between 10 - 1000 Hz. A clear relax-
ation peak start evolving on entering the biphasic region
and becomes prominent in the stable pyrochlore phase,
whereas parent compound Dy2Zr2O7 exhibits a different
behavior and paramagnetic down to 1.8 K. The mag-
netic phase transition is in consistence with the struc-
tural phase transition (discussed in main text). The ac
susceptibility data is analyzed by Cole-Cole plot (figure
S5 (left)) and Arrhenius fit (figure S6 (right)) and the ob-
tained parameters are plotted in the main text. Further
to analyzed the relaxation behavior in detail, ac suscep-
tibility measurements were performed as a function of
frequencies for T < 40 K and is shown in figure S6.
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Figure S4: Temperature dependence of real and imaginary
part of ac susceptibility for Dy2−xLaxZr2O7 (0 ≤ x ≤ 1.9) at
various frequencies ranges between 10 - 1000 Hz. Left inset
shows the temperature response of χ′ of Dy2Zr2O7 and right
inset shows the temperature response of χ′′ for DyLaZr2O7.
The inverse susceptibility data of Dy2−xLaxZr2O7
(measured at H = 5 kOe) is fitted with Curie-Weiss
law in the high temperature regime (T ≥ 30 K) using
the relation χ = C/(T - θcw), where C and θcw stands
for Curie constant and Curie-Weiss temperature respec-
tively. From the Curie constant, the effective magnetic
moment was calculated using µeff =
√
3kBC/NA, where
NA is the Avogadro
′s number. The obtained value of θcw
and µeff for all the substituted compounds are listed in
Supplementary table II. The negative value of θcw signi-
fies the dominance of AFM interactions in the system.
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Figure S5: Frequency dependence of the imaginary part of
ac susceptibility of Dy2−xLaxZr2O7 (1 ≤ x ≤ 1.9) below and
above the freezing temperature in zero applied field. The
presence of prominent single peak is the signature of single
characteristic relaxation time.
TABLE I: Magnetic parameters of Dy2−xLaxZr2O7; 0 ≤ x <
2
La (x) µeff (µB) θcw (K) Ref
0 16.4 -9.6(2) [16]
0.3 14.12 -7.14(1) ,,
0.5 12.94 -7.02(3) This study
1.0 10.51 -5.63(2) ,,
1.5 7.56 -6.61(2) ,,
1.6 6.80 -5.64(2) ,,
1.7 5.93 -5.80(2) ,,
1.8 4.67 -6.63(7) ,,
1.9 3.21 -6.17(5) ,,
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Figure S6: Cole-Cole plot of χ′ and χ′′ data around the freezing temperature and Arrhenius fit of Dy2−xLaxZr2O7 (1.5 ≤ x
≤ 1.9).
TABLE II: Structural parameters Dy2−xLaxZr2O7; 0 ≤ x ≤ 2
La (x) rA/rB χ
2 x(O) a(A˚) Phase% Ref
0.0 1.43 1.46 0.3662(0) 10.4511(3) 100 [16]
0.15 1.44 2.26 0.3674(0) 10.4832(4) 100 ,,
0.3 1.45 2.22 0.3692(0) 10.4972(3) 100 ,,
0.5 1.47 1.51 0.3710(2) 10.5521(6) 100 This study
0.6 1.48 2.15 0.3279(0) 10.5996(6) 60 ,,
0.3724(0) 10.4797(3) 35 ,,
0.3499(0) 10.3895(6) 5 ,,
0.8 1.49 1.95 0.3270(0) 10.6474(8) 88 ,,
0.3600(0) 10.4970(6) 8 ,,
0.3720(0) 10.3896(6) 4 ,,
1.0 1.52 2.85 0.3241(4) 10.6669(2) 97 ,,
0.3630(4) 10.4996(2) 2 ,,
0.3730(4) 10.3735(2) 1 ,,
1.5 1.56 1.70 0.3292(1) 10.7444(3) 100 ,,
1.6 1.57 1.36 0.3290(0) 10.7632(3) 100 ,,
1.7 1.58 1.43 0.3287(3) 10.7786(3) 100 ,,
1.8 1.59 1.23 0.3283(3) 10.7812(3) 100 ,,
1.9 1.60 1.49 0.3282(0) 10.7907(2) 100 ,,
2.0 1.61 1.40 0.3277(5) 10.7978(1) 100 ,,
